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ABSTRACT Non-native fish and bullfrogs (Lithobates catesbeianus) are frequently cited as contributing to the decline of ranid frogs in the

western United States, so we hypothesized that non-native species, habitat, or a combination of these relate to the probability of local extinction

for northern red-legged frogs (Rana aurora) in Oregon, USA. We also hypothesized that the probability of colonization relates to land use,

wetland size, or riparian forest. In a 5-yr study, we found no support for an effect of non-native species on northern red-legged frogs. Instead,

probability of local extinction decreased with the extent of emergent vegetation and riparian forest. This finding suggests that managers consider

the role of habitat when confronting non-native species problems. � 2011 The Wildlife Society.y
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Non-native fish and bullfrogs (Lithobates catesbeianus; Rana
catesbeiana) are frequently cited as factors contributing to the
decline of ranid frogs in the western United States (Bradford
2005). This hypothesis is supported by studies showing
competition with or predation by these introduced species
(Kupferberg 1997, Kiesecker and Blaustein 1998, Lawler
et al. 1999, Knapp et al. 2001) and studies suggesting a
deficit of native frogs at sites occupied by bullfrogs or game
fish (Hammerson 1982, Schwalbe and Rosen 1988, Fisher
and Shaffer 1996, Adams 1999). Conversely, other studies
failed to find a negative association between native ranids and
bullfrogs and point out that presence of non-native species
correlates with habitat alterations that could also contribute
to declines of native species (Hayes and Jennings 1986;
Adams 1999, 2000; Pearl et al. 2005). A criticism of these
studies is that they may not detect an effect of non-native
species if the process of displacement is at an early stage. We
are not aware of any studies that have monitored a set of
native frog populations to determine if non-native species
predict population losses. Our objective was to study site
occupancy trends in relation to non-native species for north-
ern red-legged frogs (Rana aurora) on federal lands in the
southern Willamette Valley, Oregon.
We conducted a 5-yr monitoring study to answer the

following questions about the status and trends of the north-
ern red-legged frog: 1) What is the rate of local extinction
(how often is a site that is occupied in year t unoccupied in
year t þ 1) and what factors predict variation in local extinc-
tion? and 2) What is the rate of colonization (how often is a

site that is unoccupied in year t occupied in year t þ 1) and
what factors predict variation in colonization? The factors
we hypothesized for local extinction were: 1) bullfrog
presence, 2) bullfrogs mediated by wetland vegetation,
3) non-native fish (Centrarchidae), 4) non-native fish medi-
ated by wetland vegetation, 5) extent of emergent vegetation,
6) extent of riparian forest, and 7) a combined effect
of bullfrogs and fish. The factors that we hypothesized for
colonization were: 1) the extent of human influence in the
surrounding landscape, 2) riparian forest, and 3) wetland
size.

STUDY AREA

The Willamette Valley is a broad agricultural valley that
drains the Coast and Cascade Mountain Ranges in western
Oregon, USA. The largest urban areas (Portland and
Eugene) were at the north and south ends of the valley.
Two ranid frogs were native there: the Oregon spotted frog
(Rana pretiosa) was thought to be extirpated from the Valley
and the northern red-legged frog was thought to be declin-
ing. Habitat loss and alteration were substantial and
appeared to explain much of the declines in northern red-
legged frogs (Kentula et al. 1992, Adams et al. 1998, Adams
1999, Pearl et al. 2005), but introduced fish and bullfrogs
continue to be cited as factors in the declines of both species
(Kiesecker 2003). There was some evidence that the Oregon
spotted frog may be more susceptible to bullfrog predation
than the northern red-legged frog which may explain why
the 2 species have fared differently despite using similar
breeding habitats (Pearl et al. 2004). There was also evidence
that non-native fish may exacerbate the bullfrog problem
(Adams et al. 2003) and that bullfrog presence can increase
predation by smallmouth bass (Micropterus dolomieu) on
northern red-legged frog tadpoles (Kiesecker and Blaustein
1998).
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Our study area was on the U. S. Fish and Wildlife Service,
Willamette Valley Refuge Complex which included Finley,
Ankeny, and Baskett Slough National Wildlife Refuges. We
also had 3 sites on the Bureau of Land Management, West
Eugene Wetlands Complex in the southern Willamette
Valley. A variety of habitat management occurred on these
lands (typically for waterfowl) but, unlike the rest of the
Willamette Valley, wetland loss was minimal. Our range of
inference was to all lentic habitats that we considered likely
to persist through June in most years (N ¼ 69). We based
our assessment of hydroperiod on personal experience and
conversations with land managers. There is no published
information on population or occupancy trends in northern
red-legged frogs within our study area.

METHODS

We randomly chose 42 wetlands to monitor but concluded
with a sample size of 39 after excluding 3 wetlands that
consistently failed to maintain sufficient surface water for
amphibian reproduction. For wetlands >1 ha, we chose a
subset of the wetland to monitor. We chose an area <1 ha
that was accessible and had extensive littoral habitats.
Beginning in spring of 2004, we sampled wetlands by placing
10 collapsible minnow traps with 5.8-cm openings on the
substrate in shallow areas where the top of the trap would
protrude above the water.We spread traps evenly throughout
the monitoring area. We set traps after noon and removed
them the following morning. Beginning in 2006, we set traps
on an additional night 1–3 weeks after the first sampling date
at a subset of 10 randomly chosen wetlands that changed
each year. We used 10 traps/site for the second effort in 2006
and 5 traps/site for the second visit in subsequent years. We
placed traps in the second visit without regard to previous
placements. We sampled from late-April when larvae were
large enough to trap to mid-June when metamorphosis for
some species began. We considered red-legged frogs present
if we detected larvae but, in practice, we never trapped adults
or juveniles without also catching larvae. Sampling pro-
cedures were approved by the Oregon State University,
Office of Research Integrity (IACUC3406) and permitted
annually by the Oregon Department of Fish and Wildlife.
We designed our sampling to provide data suitable for an

occupancy analysis (MacKenzie et al. 2006). Occupancy
models use repeat observations to estimate probability (P)
that one observation will detect a species that is present. We
treated trap nights as observations, so we treated 10 traps at a
site as 10 observations, similar to design option 4 by
MacKenzie et al. (2006:162) that substitutes spatial repli-
cates for temporal replicates. Occupancy models allow an
estimate of the probability (c) that a site is occupied and they
can be used to examine the relationship between c and site
characteristics. We used a multi-season occupancy model
that also estimates the probability that an unoccupied site
will be colonized (g) and the probability that an occupied site
will suffer a local extinction (e; MacKenzie et al. 2003). We
used the parameterization of the multi-season occupancy
model that directly estimates initial occupancy (i.e., c in
season 1) but not c in subsequent seasons.

There are 2 types of covariate in occupancy models: obser-
vation and site. Observation covariates can have different
values for each individual observation. In our study, the
individual observations equated with trap nights. We used
the total number of minutes a trap was set (Time), average of
the water temperatures at the time we set a trap and the time
we removed it (WT), and number of days since 1 January to
the day we set a trap (Date) as observation covariates to
account for the effect of these factors on probability of
detecting red-legged frog larvae when they were present.
Site covariates had one value for each wetland and did not

vary among observations. Each year, we visually estimated
percent of the shoreline that had trees taller than 5 m within
5 m of the bank and percent of the wetland that had emer-
gent vegetation. We averaged these percentages across years
to calculate the variables Forest and Veg, respectively.
Emergent vegetation has repeatedly been shown to relate
to red-legged frog occupancy in the Pacific Northwest
(Adams et al. 1998, Adams 1999, Pearl et al. 2005). We
hypothesized an effect of riparian trees based on anecdotal
observations. We noted if maximum depth of the wetland
during high water appeared to be >2 m. This classification
was usually obvious and there was seldom disagreement
among years, but we used the most frequently recorded value
as the variable Depth, which has been shown to relate to red-
legged frog occupancy in previous work (Pearl et al. 2005).
We used the average trap rate of bullfrogs across all years for
each site as an index of bullfrog abundance (Bull). The
variable Fyrs was the total number of years that we detected
non-native fish (Centrarchidae).We used Fyrs instead of fish
presence (Fish) in our a priori analysis because we think Fyrs
served as a crude index of abundance and perhaps of the
persistence of fish at each site. In either case, a higher number
should indicate more opportunity for an effect of fish on
northern red-legged frogs. We did not record the number
of fish/trap in the first years of the study so we could
not calculate trap rate. We determined Area (m2) for each
wetland by tracing polygons from aerial images accessed
on Google EarthTM (http://earth.google.com) on 26 March
2009. The images were dated 29 June 2005 for most of the
sites and 3 September 2006 for 3 wetlands on lands admin-
istered by the Bureau of Land Management. We hypothes-
ized that larger sites might be more likely to be colonized.
Finally, we calculated an index of human activity (HF) by
averaging the values from the index called Human Footprint
developed by Leu et al. (2008) for a 500-m buffer around
each wetland. We hypothesized that human activities may
affect the ability of red-legged frogs to move through the
landscape and colonize new sites. We standardized all con-
tinuous covariates to x ¼ 0 and SD ¼ 1.
We began the analysis by examining the Pearson corre-

lation among the covariates described above. We retained all
covariates (all R � 0.7). We then fit a global model with the
following structure: c1(Forest, Veg, Depth, Fyrs), g(HF,
Area, Forest), e(Bull, Fyrs, Veg, Forest, Veg � Bull,
Veg � Fyrs), P(Time, Date, WT, Forest, Veg, Depth,
Bull, Fyrs). Each parameter is a logit function of the cova-
riates shown in parentheses. We chose the covariates of c1
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based on findings of previous studies in the Pacific Northwest
(Adams 1999, Pearl et al. 2005) and included all covariates of
c1 and e as covariates of P to account for any heterogeneity in
detection probability that might bias estimates of those
parameters. We included the interactions Veg � Bull and
Veg � Fyrs because we hypothesized that extensive veg-
etation may reduce any negative effects of fish and bullfrogs
(Adams et al. 1998, Adams 1999). We used the software
PRESENCE (Version 2.2, www.mbr-pwrc.usgs.gov/
software/, accessed 15 Mar 2009) to maximize the joint
likelihood of the estimates given the data. Although the
global model is almost certainly over-parameterized, we
determined that it was not excessively so by dropping each
covariate individually and comparing the AICc (Akaike’s
Information Criterion for small samples) of the reduced
model to the global model. An improvement >2 AICc units
as a result of dropping a covariate might indicate it is
inappropriate and its influence might warrant further exami-
nation. We found no such improvements.
Next, we fit a series of models to represent our hypotheses

concerning extinction and colonization and used AICc to

rank these models. Each model differed from the global
model in the formulation of one component (g or e) and
only included the covariates of that component that related
to one of our hypotheses. For example, the model represent-
ing our hypothesis that bullfrog presence relates to prob-
ability of local extinction only included Bull as a covariate of e
and used the global model for all other components (c1, g,
and P; Table 1). Likewise, the model representing our hy-
pothesis that riparian forest relates to probability of coloni-
zation only included Forest as a covariates of g and used the
global model for all other components (c1, e, and P; Table 2).
We based conclusions on the ranking of the models and on
estimates of the effects of covariates on the parameters in the
model. Based on the ranking of our hypothesized models, we
investigated the support for some additional variations on the
global model including the effect of using a simple detected–
not detected covariate for fish instead of the number of years
we detected fish and the effect of forest within 500 m of a
wetland on e. We also investigated whether the best model
could be improved by allowing annual variation in e. We
report an estimate of occupancy in season 1 (c1) from the

Table 1. Model comparison for hypotheses concerning the probability of local extinction for northern red-legged frogs on federal lands in the Willamette
Valley, Oregon, USA, 2004–2008. Each model is a variation of the global model (c1[Forest, Veg, Depth, Fyrs], g[HF, Area, Forest], e[Bull, Fyrs, Veg, Forest,
Veg � Bull, Veg � Fyrs], P[Time, Date, WT, Forest, Veg, Depth, Bull, Fyrs]) where c1 ¼ probability of occupancy in year 1, Forest ¼ % of wetland with
riparian trees, Veg ¼ % of wetland with emergent vegetation, Depth ¼ 1 if maximum water depth >2 m or 0 if not, Fyrs ¼ number of years non-native fish
were detected, g ¼ probability of colonization,HF ¼ human footprint score, Area ¼ area of wetland (m2), e ¼ probability of extinction, Bull ¼ mean trap rate
of bullfrogs, P ¼ probability of detection, Time ¼ total minutes trap was set, Date ¼ days since 1 January of current year, andWT ¼ mean water temperature
(C). Only the extinction function (e) differs among models.

Model AICc
a DAICc

b wc Model likelihood No. parameters (�2 � LogLike)

Global, e(forest, veg) 1315.53 0.00 0.870 1.000 21 1273.53
Global, e(global) 1321.37 5.84 0.047 0.054 25 1271.37
Global, e(forest) 1322.20 6.67 0.031 0.036 20 1282.20
Global, e(.) 1323.33 7.80 0.018 0.020 19 1285.33
Global, e(veg) 1323.90 8.37 0.013 0.015 20 1283.90
Global, e(Fyrs) 1325.20 9.67 0.007 0.008 20 1285.20
Global, e(bull) 1325.27 9.74 0.007 0.008 20 1285.27
Global, e(bull � veg) 1326.19 10.66 0.004 0.005 22 1282.19
Global, e(Fyrs � veg) 1327.10 11.57 0.003 0.003 22 1283.10
Global, e(Fyrs � bull) 1328.97 13.44 0.001 0.001 22 1284.97
c(.), g(.), e(.), P(.) 1333.53 18.00 0.000 0.000 4 1325.53

a Akaike’s Information Criterion for small sample sizes.
b DAICc for the current model minus the minimum DAICc.
c Akaike’s weight.

Table 2. Model comparison for hypotheses concerning colonization for northern red-legged frogs on federal lands in the Willamette Valley, Oregon, USA,
2004–2008. Each model is a variation of the global model (c1[Forest, Veg, Depth, Fyrs], g[HF, Area, Forest], e[Bull, Fyrs, Veg, Forest, Veg � Bull, Veg � Fyrs],
P[Time, Date, WT, Forest, Veg, Depth, Bull, Fyrs]) where c1 ¼ probability of occupancy in year 1, Forest ¼ % of wetland with riparian trees, Veg ¼ % of
wetland with emergent vegetation, Depth ¼ 1 if maximumwater depth>2 m or 0 if not, Fyrs ¼ number of years non-native fish were detected, g ¼ probability of
colonization, HF ¼ human footprint score, Area ¼ area of wetland (m2), e ¼ probability of extinction, Bull ¼ mean trap rate of bullfrogs, P ¼ probability of
detection, Time ¼ total minutes trap was set, Date ¼ days since 1 January of current year, andWT ¼ mean water temperature (C). Only the colonization
function (g) differs among models.

Model AICc
a DAICc

b wc Model likelihood No. parameters (�2 � LogLike)

Global, g(.) 1318.15 0 0.343 1.000 22 1274.15
Global, g(forest) 1318.76 0.61 0.253 0.737 23 1272.76
Global, g(HF500) 1319.44 1.29 0.180 0.525 23 1273.44
Global, g(area) 1319.74 1.59 0.155 0.452 23 1273.74
Global, g(global) 1321.37 3.22 0.069 0.200 25 1271.37
c(.), g(.), e(.), P(.) 1333.53 15.38 0.000 0.001 4 1325.53

a Akaike’s Information Criterion for small sample sizes.
b DAICc for the current model minus the minimum DAICc.
c Akaike’s weight.
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global model modified to allow extinction and colonization
to vary among years. We used the same model to derive
values for c in subsequent seasons that are based on the
estimated model parameters (MacKenzie et al. 2003).
The use of occupancy models requires the assumption that

there is no unexplained heterogeneity in P. We used the
goodness-of-fit test available in PRESENCE to test this
assumption (MacKenzie and Bailey 2004). The test is only
available for the single seasonmodel so we used the 2004 data
to fitc(Forest, Veg, Depth, Fyrs), P(Time, Date,WT, Forest,
Veg, Depth, Bull, Fyrs) with 10,000 parametric bootstraps.

RESULTS

We detected northern red-legged frogs at 15 of 39 sites
(0.38) in the first year of our study. The average of individual
site estimates of the probability of occupancy in year 1 was
c1 ¼ 0.42 (n ¼ 39, range ĉ ¼ 0.05–0.76, average
SE ¼ 0.166). Means of derived site estimates of c for
subsequent years were c2 ¼ 0.41, c3 ¼ 0.43, c4 ¼ 0.43,
and c5 ¼ 0.41. In 17 instances we did not detect northern
red-legged frogs at a site where they were found in the
previous year and in 13 instances we detected them at a site
where they were not seen in the previous year.
We found little support for any of the models involving

introduced species as covariates of e. Not only were these the
lowest ranked hypothesized models, but they were also worse
than the model with no covariates of e (Table 1). Instead, our
analysis favored the hypothesis that both aquatic and riparian
vegetation were associated with e over all other hypotheses
(Fig. 1). This model estimated that the odds of local extinc-
tion decreased by a factor of 0.547 (95% CI ¼ 0.354–0.845)
for every 10% of shoreline with trees and by a factor of 0.469
(95% CI ¼ 0.256–0.864) for every 10% of surface area that
had emergent vegetation.
A post hoc model that allowed annual variation in e did not

improve the model but had weak support (w ¼ 0.20). A
variation on the global model that replaced Fyrs with Fish
Presence was not supported (w ¼ 0.01). Because the variable
Forest only considered trees within 5 m of shore, we tried
replacing Forest with percentage forest cover within a 500-m
buffer around the wetland site we monitored. This change
was not supported (w ¼ 0.00). A goodness-of-fit test using
the 2004 data did not suggest presence of any unexplained
heterogeneity (P ¼ 0.485, ĉ ¼ 1.004).
Whereas all of the a priori models for colonization (except

the global model) had DAICc < 2.0, the best model had no
covariates (Table 2). The effect of all 3 covariates trended
positive but 95% confidence intervals did not exclude 1 (no
effect) for any effect, which gives little support for any
covariates of colonization but does not conclusively rule them
out. A post hoc model that allowed colonization to vary
among years but not among sites was the worst colonization
model we examined (w ¼ 0.03), and a model that allowed
both extinction and colonization to vary among years was the
worst of all the models we examined (w ¼ 0.00). Thus, we
did not allow annual variation and estimated that probability
of any unoccupied pond in our study being colonized during
any year was ĝ ¼ 0.168 (95% CI ¼ 0.100–0.268).

DISCUSSION

Although there is ample reason to be concerned that habitat
loss and alteration have negative consequences for northern
red-legged frogs in the Willamette Valley, we found no
evidence of declines in occupancy from 2004 to 2008 on
federal lands where habitats are relatively intact compared to
most other lands in the Willamette Valley. Instead, local
extinctions appeared to be offset by colonization of unoccu-
pied wetlands such that the occupancy rate was approxi-
mately stable. This pattern occurred despite the detection
of non-native centrarchids at 72% of the wetlands, and
bullfrogs at 74% of the wetlands, we monitored. There
was already evidence that northern red-legged frogs do
not have a negative association with bullfrogs in the
Pacific Northwest (Richter and Azous 1995, Adams et al.
1998, Adams 1999, Pearl et al. 2005) but these same studies
each found a negative association with centrarchids.
Moreover, there is experimental evidence of negative effects
of pumpkinseed (Lepomis gibbosus) and smallmouth bass on
northern red-legged frogs via predation on tadpoles
(Kiesecker and Blaustein 1998, Adams 2000). We stress that
the lack of an association between non-native species and e in
our study does not mean that no negative effects occur. Five
years is a short time period to use local extinctions to assess
the consequences of non-native species. We continue to

Figure 1. The relationship of the probability of local extinction with wet-
land (A) and riparian vegetation (B) for northern red-legged frogs on federal
lands in the Willamette Valley, Oregon, 2004–2008. Data points are esti-
mates based on the top-ranked occupancy model. Vertical bars are SE of the
estimate.
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monitor amphibians at these wetlands as part of the United
States Geological Survey’s Amphibian Research and
Monitoring Initiative (Corn et al. 2005).
Our results are encouraging in that they suggest that

habitat conditions may play a role in the persistence of
northern red-legged frogs despite presence of non-native
fish and bullfrogs. That wetland vegetation is related to
the probability of local extinction is consistent with previous
work that found an association of northern red-legged frogs
or amphibian richness with wetland vegetation that was
stronger than associations with non-native fish (Richter
and Azous 1995, Adams et al. 1998, Adams 1999, Pearl
et al. 2005). We are not aware of previous studies document-
ing the importance of riparian vegetation for northern red-
legged frogs, but it is consistent with their relatively terres-
trial nature compared to some other ranids. Upland veg-
etation has proven important for other ranids with similar
natural histories (Semlitsch and Bodie 2003), and one study
suggests that northern red-legged frogs prefer to move
through forest rather than clearcuts (Chan-McLeod
2003). Our results are also consistent with the recommen-
dations of Adams and Pearl (2007) that the best way to
manage the bullfrog problem in some areas may be an
indirect approach that focuses on habitat rather than direct
control of bullfrogs.
Occupancy models are a tool to reduce bias caused by false

negatives in detected–not detected data. Such data can
underestimate occupancy probabilities and overestimate local
extinction and colonization probabilities. The ability of
occupancy models to reduce bias hinges on design-based
or model-based reduction of heterogeneity in detection
probability (MacKenzie et al. 2002). We included all cova-
riates of occupancy and extinction as covariates of detection
probability to ensure that any heterogeneity in detection
probability did not bias the other parameter estimates with
respect to our hypotheses.
Our design differed somewhat from a conventional occu-

pancy approach in that the repeated observations were traps.
For example, we treated 10 traps in a wetland as 10 obser-
vations. Our approach relies on the assumption that catching
animals in one trap does not affect the trap rate of other traps.
To some extent, this assumption must be false because a
captured animal cannot be caught in another trap.We assume
this effect is vanishingly small because capture probabilities
using traps are thought to be very low and we set traps >5 m
apart. Our approach also relies on the assumption that, if
northern red-legged frogs are caught in�1 trap at a site, then
any trap at that site has some chance of detecting northern
red-legged frogs. This assumption is difficult to assess but our
observation is that this species tends to be widely distributed
around a site rather than clustered in a small area. Simulations
suggest that this bias is mitigated if the sampling fraction of
possible locations is very small (Kendall andWhite 2009).We
believe this is the case in our study because the traps sample a
very small area and the opportunities for trap placement can be
seen as infinite.
We note that the multi-season occupancy model we used

adjusted for bias in the detection of red-legged frogs but not

of bullfrogs or non-native fish. We interpreted the variables
Bull and Fyrs as if they reflected variation in abundance or
occupancy, but we recognize that they also contain an
unknown amount of heterogeneity attributable to capture
probability or detection probability. A multi-species occu-
pancy model exists to estimate and accommodate detection
probability issues for multiple species simultaneously but
only for 1 yr (MacKenzie et al. 2004).

MANAGEMENT IMPLICATIONS

Our study suggests the possibility that habitat characteristics
of wetlands could be used to promote the persistence of
northern red-legged frog populations despite the presence
of bullfrogs and non-native fish. Wetlands with >35% of
their perimeter with trees had the lowest probabilities of local
extinction ("̂ < 0.2). Also, wetlands that had >60% of their
surface area with emergent vegetation had "̂ < 0.4. There
remains reason to be concerned about non-native fish and
bullfrogs but our study does not show evidence of negative
effects.
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